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Abstract 

Fatigue damage sensing and crack propagation monitoring of any structure is a prerequisite for 

reliable and effective structural health monitoring. This paper, discusses the role of two different 

sensors, i.e., crack propagation (CP) and fatigue damage (FD) sensors in structural health 

monitoring. The CP sensor is capable of detecting crack initiation and subsequent propagation 

within the structural component that essentially constitutes a diagnostics approach. The FD 

sensor monitors the actual fatigue damage of the structural component and can be used for both 

diagnosis and prognosis of the remaining useful life. 

 

The CP sensor bonded to a structure at the critical location monitors the progression of a surface 

crack breaking through the successive strands, resulting in an increase in total resistance of the 

FD sensor having alternate slots and strips with different strain magnification factor with respect 

to the nominal strain at its location. The sensor is designed such that the strips experience the 

strains which closely resemble the actual strain distribution in the critical area of the component. 

One of the major advantages of this sensor is that it can be placed at any convenient location, 

still experiencing the same fatigue damage as a critical location. An interesting aspect of these 

sensors is that they are easily integrated with wireless networking, facilitating ease of use and 

real time data acquisition. Both sensors could be applied to various structures from ground 

civilian and military vehicles to steel bridges. This can predict the remaining useful life of a 

component or the number of miles (for any automobile) left for the component before it needed 

replacement. 

Structural Health Diagnosis and Prognostics Using Fatigue and Crack 
Growth Monitoring 
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Introduction 

Fatigue has been known to be one of the common causes of failures of multitude of structural 

components.  The fatigue process generally starts with microscopic defects or imperfections in 

the material of the structure under certain circumstances where they continue to grow and 

interfuse  from macroscopic defects substantially in the form of cracks [1-2]. The growth of thus 

formed macroscopic defects occurs in the proximity of intense stress concentration zones such as 

holes, notches etc.  [3].  

Majority of the structures when subjected to repeated cyclic loadings, experience varying levels 

of stresses for different number of loading cycles. Thus the fatigue life of a structure depends on 

its individual stress history. Normally, the S-N approachand certain empirical rules are used to 

predict the service fatigue life. These empirical rules commonly referred to as cumulative 

damage rules have also been found inadequate[4]. The cumulative fatigue damage cannot be 

determined by non-destructive testing or detailed microscopic study of the structure at any given 

time during the operation of the structure. Further, designing a structure cannot take into account 

the real service loading, as the actual loading conditions cannot be accurately known apriori. 

 

Inspection techniques currently employed involves complex, time-consuming inspection 

procedures, which can be very labor-intensive and expensive. Parts may have to be disassembled 

and re-assembled for inspection, which can result in significant equipment downtime.Therefore, 

there is an urgent need for a faster and more efficient structural health monitoring technique, 

which at the same time capable of  providing  a reliable estimate of the remaining  fatigue life.  

This helps in planning or organizing repair / replacement schedule of a given component and 

thereby minimizing any catastrophic consequences.  Hence, a  novel fatigue sensor that is useful 

for structural health monitoring is designed. This paper describes the principle of the dedicated 

fatigue monitoring sensor along with some preliminary design and simulation results that would 

show the validity of the concept. 

 

Though few fatigue sensors [7-15] were proposed in the past, each has its own limitations with 

respect to their operation. Certain kind of crack detection gages have also been developed in the 

past [17], but they are limited in a way that these crack gages have to be placed at the critical 
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stress concentration zone on the component where the cracks generate and propagate through 

such crack gages. These cracks have an array of thin strands and the gage is placed such that the 

crack generated propagate through the strands and thereby cutting each of the strands 

successively. Some of the devices are just limited to the measurement of the crack length in the 

structure, others work in such a way that the fatigue measurement may not be a direct method but 

it involves a multi-step procedure while some devices give the fatigue life of the structural 

members through comparing with a series of laboratory experiments. 

 

Hence, a novel fatigue sensor that is useful for structural health monitoring is designed. This 

paper describes the concept of the dedicated fatigue monitoring sensor along with some 

preliminary design and simulation results that would show the validity of the working principle 

of the same. The operation and functionality of the fatigue sensor is discussed in the context of 

existing crack detection sensors used for structural health diagnosis. 

Concept of Fatigue Sensor 

The concept of the fatigue sensor is based on the strain life characteristics of the engineering 

materials. The sensor under consideration consists of alternate slots and strips (ligaments) having 

different strain magnification factors with respect to the nominal  orreference strain. The sensor 

is designed in such a way that the strips will experience the strains which closely resemble the 

actual strain distribution in the critical area of the component. The sensor can be placed outside 

the notch but still would experience the same fatigue damage as the notch tip. The sensor is 

attached to the surface of structural member which is being monitored. The strips will fail in a 

sequential manner from the strip experienced the highest strain magnification to the lowest. Each 

strip failure corresponds to the particular fatigue damage accumulated by the structure being 

diagnosed. This informationallows for predicting remaining component life[5-6]. A schematic of 

the fatigue sensor and its arrangement in a structure is shown in Figure 1. 
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Figure 1: Fatigue gauge and its mounting configuration 

One of the major advantages of the proposed sensor is that it can be deployed on any structure, 

whether new or  old (already in service) provided the past stress cycle information or the loading 

history of the structure is known. Added to this, the fatigue sensor under consideration is 

designed in such a way that it can be placed at any portion on the component not necessarily at 

the high stress concentration zone but still would imitate the stress and strains at the critical 

region with a certain magnification. 

 

The inset in Fig. 1 shows a schematic representation of an initial design of a fatigue sensing 

gauge.  The gaugemainly comprise of a metallic couponwith alternate strips and slots. The strips 

in the sensor are called ligaments. As seen from the figure each ligament is divided into two parts 

with different areas of cross-section and the size of smallest area of cross-section (the active 

ligaments) are decreasing from ends to the center. The ligaments on either ends of the gauge with 

uniform area of cross-section are called  reference ligaments. The strain in the reference ligament 

is related to the strain in the component where the gauge is placed. The strain ratio of each of the 

active ligament isa magnification of the strain in the reference ligament thereby relating to the 

strain in the critical location.When attached in an appropriate position of the component, the test 

gaugewould experience the same strain history and ambience as that experienced by the test 

structure. 

 

As the gauge is subjected to cyclic stress of known magnitude, each of the active ligaments will 

experience elongation or contraction equal to or larger than that experienced by the reference 

ligament.Active ligaments will experience  different amounts of induced strains (ε) from the 
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same total elongation, as theseactive ligaments vary in length.  Thus the amount of induced 

strains of each active ligament vary as a function of its length. By designing the length and area 

of cross-section dimensions of active ligaments they  canexperience a desired strain 

magnification.As a result each ligament will thus start to fail in the order from highest to lowest 

induced strain. Thus induced strains can be related to the service life of the structure and in this 

way the remaining service life or the expanded service life of the structure can be determined.   

Analytical basis for the design of  the proposed fatigue gauge is discussed in the following 

section. 

Analytical Modeling 

Figure 2 shows a two ligament section of the fatigue gauge comprising of a reference and active 

ligament.  In this case, the strain measurement is made with respect to the reference ligament 

‘R’. The dimensions of the actual active  ligament  are fixed relative to this reference.  The 

reference and active ligaments along with the basic nomenclature of the parameters used in 

analytical modeling is represented in Fig.2. It may be noted that the practical gaugeemployed for 

the fatigue life measurement will have a  reference ligament ‘R’ and a series of active ligaments 

with the actual number of these decided based on the specific design parameters.  The active 

ligaments will have different lengths and areas of cross-section in the middle depending on the 

application.  This basic configuration is considered for developing an analytical analysis.  The 

arrows in Fig.3 refer to the loading / displacement direction. 

 
Figure 2 : Gauge with a reference and active ligament 
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Figure 3: A schematic depicting the loading direction of the gauge 

.   

The strain analysis of our fatigue gauge design is based on three important assumptions. Firstly, 

the displacement experienced at the top and bottom ends of the gaugeis expected to be same in 

all ligaments i.e., ΔLi = constant.The gauge is considered to be made of same material i.e., 

Young’s modulus of all the ligaments is same (Ei = constant). The final assumption isthat  

thecritical service strain  is experienced in the longitudinal direction of the ligaments as shown in 

Fig. 3. The following is a derivation for the calculation of the ratio of elastic strain in the active 

ligament to the elastic strain in the reference ligament (see Fig.2) 

The total length of the ligament is. 

L = Lout + Lmid + Lout = LR(1) 

ΔL = ΔLR = ΔLout + ΔLmid + ΔLout(2) 

The strain in  the reference ligament  is calculated as  

 

𝜀𝑅 =  𝛥𝐿𝑅
𝐿𝑅

=  𝛥𝐿𝑜𝑢𝑡+𝛥𝐿𝑚𝑖𝑑+𝛥𝐿𝑜𝑢𝑡
𝐿

       (3) 

 

The strain in the middle portion of the active ligament ‘C’ is  

 

𝜀𝑚𝑖𝑑 =  𝛥𝐿𝑚𝑖𝑑
𝐿𝑚𝑖𝑑

                    (4) 

From the above two equations (3) and (4) we have, 
𝜀𝑚𝑖𝑑
𝜀𝑅

= � 𝛥𝐿𝑚𝑖𝑑
𝛥𝐿𝑜𝑢𝑡+𝛥𝐿𝑚𝑖𝑑+𝛥𝐿𝑜𝑢𝑡

� � 𝐿
𝐿𝑚𝑖𝑑

�                             (5) 
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Using Hooke’s law, we have, ΔL = [(PL) / (AE)]. Substituting the expression for ΔL in the 

equation (5) and modifying it, the expression for the ratio of the strain in the outer and middle  

part of each ligament to the strain in the reference ligament is obtained as : 

 

𝜺𝒊,𝒐𝒖𝒕
𝜺𝑹

= � 𝑳
𝑳𝒊,𝒐𝒖𝒕

� � 𝜶𝒊,𝒐𝒖𝒕
𝜶𝒊,𝒐𝒖𝒕+𝜶𝒊,𝒎𝒊𝒅+𝜶𝒊,𝒐𝒖𝒕

�(6) 

𝜺𝒊,𝒎𝒊𝒅
𝜺𝑹

= � 𝑳
𝑳𝒊,𝒎𝒊𝒅

� � 𝜶𝒊,𝒎𝒊𝒅
𝜶𝒊,𝒐𝒖𝒕+𝜶𝒊,𝒎𝒊𝒅+𝜶𝒊,𝒐𝒖𝒕

�(7) 

Where,  

 ε is the induced strain,   

α  is a shape factor i.e., ratio of length to the cross-sectional area of the ligament (L/A), 

 i is the ligament number (here i = 1 to 9),  

L is the total length of the ligament,  and 

 A is the cross-sectional area of the ligament. 

The equations (6) and (7) are used to calculate the strain ratio of the outer and inner parts of each 

of the active ligaments to the strain in the reference ligament. The data in Table 1 shows the 

length of each part of all the nine active ligaments considered and the corresponding strain ratio 

of the  middle  portion and the outer portions of the active ligaments. The dimensions in  Table 1 

are in arbitrary units. The area of cross-section of the middle portion of all the nine active 

ligaments is 100 sq. units and that of the outer portions of all the active ligaments is twice the 

value of the middle portion.   

Length of the ligaments as input Strain ratio as 
output 

  Outer Middle Outer Outer Middle 
Ligament 1 5 90 5 0.52632 1.05263 
Ligament 2 10 80 10 0.55556 1.11111 
Ligament 3 15 70 15 0.58824 1.17647 
Ligament 4 20 60 20 0.62500 1.25000 
Ligament 5 25 50 25 0.66667 1.33333 
Ligament 6 30 40 30 0.71429 1.42857 
Ligament 7 35 30 35 0.76923 1.53846 
Ligament 8 40 20 40 0.83333 1.66667 
Ligament 9 45 10 45 0.90909 1.81818 

Table 1: Length of the ligaments as input and the resulting strain ratios 
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The dimensions of the ligaments can be calculated based on the  ratio of strain in the middle 

portion of the active ligaments to the strain in the reference ligament which in turn is related to 

the actual strain in the component. In other words, the dimensions of each of the active ligaments 

can be designed in such a way that they would  fail after a certain percentage of the fatigue life of 

the component. Thus, knowingthe desired strain magnification,it is possible to determine the 

dimensions of each of the active ligaments.  Following this  simple analysis,  we derived  an 

expression for calculating  the length of the middle portion  of the active ligaments based on the 

strain ratios,  which is given by  

𝐿𝑚𝑖𝑑 = ��2𝐿𝑅
𝑥
� − 𝐿𝑅�                                                                  (8) 

 

The equation (8) can be attested for the same kind of gauge with nine active ligaments by 

substituting the values of strain ratio ‘X’ of middle ligaments (from Table 1). The lengths and 

cross-sectional values obtained are in agreement with the values shown in Table 1. In order to 

investigate the uniformity of strain distribution in active ligaments, the numerical simulations 

were performed. 

Finite Element Analysis (FEA) Elastic Simulation 

Numericalsimulation of the fatigue gauge responsewas performed  using  commercially available 

software.  The simulations were done assuming an elastic behavior of the material. The main 

objective of this analysis is to determine and identify the important design parameters and 

understand their effect on the strain experienced by different active ligaments.  This also helps in 

optimizing different dimensional parameters of the designed gauge. 

 

The important parameters identified in the designedgaugeconfiguration are : 

1. End geometry of the gauge  

2. Symmetry of thegauge configuration 

3. Fillet radius at the ends of the active ligaments 

 

In particular, the effect of these parameters on the strain distribution  across different ligaments is 

analyzed using the FEA simulations and these results are discussed further.  
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End geometry of the gauge 

The ‘end geometry’ of the gaugeconfiguration plays a significant role in obtaining proper strain 

distribution in the reference ligament. Figure4 shows the strain distribution in the middle portion 

of the reference ligament.  The vertical axis of the plot in Figure 4 shows the normal strain in Y-

direction (i.e., the direction of the applied displacement) and the horizontal axis shows the width 

of the middle portion of the left reference ligament (Fig. 4).Different lines inthe plot represent 

different totaldisplacements applied in the range from 1 to 10 units. As observed from the graph, 

the strain distribution in the middle portion of the reference ligament is not uniform throughout 

the width. The maximum strain concentration is at outer ends of the ligament and decreasing 

towards the inner end of the reference ligament, which is not desirable. Since we would want to 

relate the strains in each of the active ligament to the strain  in the component via the strain in the 

reference, it is critical that the strain distribution be almost uniform throughout the length of the 

reference ligament.  

 

 
Figure 4: Strain distribution in reference ligament 
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However, it may be observed that the range of strain variation across the width is decreasing as 

the applied displacement is decreased. To reduce the strain variation in the middle portion of the 

reference ligament,  another reference ligament is added adjacent to the existing one. 

 
Figure 5: Strain distribution in the reference ligaments 

 
In Figure 5, the left half of the plot shows the strain distribution in the outermost reference 

ligament, while the right half of the plot depicts strain distribution in the middle portion of the 

second ligament. It may be seen from the Fig. 5 that the strain distribution in the middle portion 

of the second reference ligament is more uniform compared to the first reference ligament. 

Hence, we consider the second reference ligament for the calculations and analysis while dealing 

with the strain ratios. From Figures 4 and 5, it is clear that the end geometry (one or two 

reference ligaments) of the gauge play a very important role in obtaining a more uniform strain 

distribution in the reference ligaments. 

 

Symmetry of the gauge 

Another important parameter in the design of the fatigue gauge is the double symmetry.  The 

strain analysis discussed in the previous section used a gage (shown in figure 3) that does not 

conform to  a double symmetrical geometry. 
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Figure 6: Double symmetry design 
Figure 6 shows a schematic of the gauge with a double symmetrical arrangement. Another 

important modification that is incorporated in the design includes the consideration of  active 

ligaments with the decreasing order of the length of the middle portion of the ligaments 

(ligament 1 to 4).  

 
Figure 7: Strain distribution in ligament 4 

Figure 7 shows the strain distribution in the middle portion of the ligament 4 in the gauge with 

double symmetry as in Figure 6. This shown quite uniform strain over the entire width of the 
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ligament, which is ideal for the operation of the fatigue gage. The other parameter that was 

analyzed is the aspect ratio (ratio of length to width of ligament in the middle portion). It has 

been observed that for lower aspect ratios the maximum strain concentration was predominantly 

confined to the sides of the ligament  as against for the ones with larger aspect ratio. The results 

of the effect of the aspect ratio have not been presented as these did not seem to be as crucial as 

the others. 

 

 

Fillet radius 

Fillet radius is  the other important parameter, which has significant influence on the strain 

distribution of the active ligaments within the gauge. In this context,  the gauges with symmetry 

about ligament 4 are considered . Figures 8 and 9 show the symmetry designs with fillet radii of 

5  and 20 units respectively. 

 
Figure 8: Symmetry design with a fillet radius of 5 units 

 

Figure 9: Symmetry design with fillet radius of 20 units 

 

The results of the finite element simulations for the above two gauges are shown below. Figure 

10 shows the strain distribution and the deformation of the gauge with a fillet radius of 5 mm 
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while Fig. 11 shows the deformation and the strain distribution of the gauge with a fillet radius of 

20 units. 

 

Figure 10:Deformation and strain distribution for 5units fillet radius 

 

Figure 11: Deformation and strain distribution for 20 units fillet radius 

From Fig. 10, it can be seen that there is a maximum strain  concentration at the corners of the 

middle portion of the ligaments due to which the ligament would fail first at the corners. In 

contrast, the Fig. 11 shows a much uniform distribution of the strain in the middle portion and 

hence the failure of the ligament occurs in that region. The strain at the fillet is 30% higher 

compared to the strain observed at the middle of the ligament for the gauge with smaller radius 

while it is only 12% for the larger fillet. From the above results, it can be concluded that the fillet 
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radius also plays an important role in the design of the strain gauge and from this simulation it 

clearly shows that larger fillet radius is more desirable for proper fatigue diagnosis. 

Prototype single ligament testing and results 

As pointed out earlier, the fatigue sensor could be placed at any location on the component not 

necessarily at critically stressed region but would still be able determine the  strains at a critical 

location with known magnification (strain ratio). Finite element analysis (FEA) simulations were 

performed on the fatigue sensor to obtain the strain ratios of each of the active ligaments i.e., the 

ratio of strain in each of the active ligament to the strain in the reference ligament. The 

simulation were done using commercial FEA software.The strain ratios were calculated based on 

the strain values taken from the mid-point of each of the active ligaments and reference ligament 

shown by yellow dots in the Figure 12. The nodes resulted after meshing the sensor and the 

loading pattern applied on the fatigue sensor are also seen in the Figure 12. The strain ratios 

obtained for each of the four active ligaments are shown in Figure 13. 

 

 

Figure 12: Screenshot of meshed sensor. 
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Figure 13: Strain ratios for the active from the FEA simulation (elastic) 

 

Figure 14: The figure showing the pictures and dimensional details of 0.005" Aluminum single 
ligament 

The strain ratio variation of the ligaments and its effective relationship with a notch on a test 

specimen were investigated by designing a single ligament with specific strain ratio. This was 

subjected to tensile testing by fixing it on a specimen with a notch having similar strain ratio.  

These single ligaments were tested for the validity of the working principle of the sensor i.e., the 
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sensor ( in this case it is the single ligament) would break in the center region when placed on the 

component at a region away from a stress concentration zone when it undergoes cyclic loading. 

This single ligament testing has been done on 0.005” thick aluminum samples. The single 

ligaments were fabricated using micro-wire electro-discharge machining (μw-EDM), as shown in 

figure 14. A notch is cut on the test specimen onto which the sensor  ligamentis attached. This 

notch would simulate the stress concentration zone when the specimen is subjected to cyclic 

loading and hence act as the  source for crack initiation.  The sharp v-notch cut on the backing 

specimen has a depth of 5mm which is calculated on the basis of taking the strain ratio of the 

single ligament as the stress concentration factor of the notch [16]. The strain ratio obtained 

corresponds to the stress-strain behavior of the single ligament in the elastic region. For this 

reason, ligament is placed on the backing specimen in a region where the stress distribution is 

uniform. FEA simulations were done on the notched specimen for determining the location for 

attaching the single ligament on the specimen. The stress distribution across the width of the 

specimen at different locations (going vertically from the notch plane) is evaluated by simulating 

a uniform tensile load on the specimen. Figure 15 shows the stress distribution across the width 

of the specimen at the notch plane (black line) and at a location 5mm above the notch plane 

(green line), which were obtained in the above simulation. It can be seen that at a distance of 

5mm (vertically) from the notch plane, the stress distribution across the width of the specimen is 

uniform and this region of the specimen is in elastic region.  

 

Figure 15: Stress distribution across the width of the backing specimen 
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Prior to performing the cyclic loading on the ligament, it is necessary to determine the yield 

strength of the specimen material used. Hence, the specimen was subjected to tensile testing and 

plotted the stress-strain curve. The yield strength of the material is found to be around 5500 N. 

Based on this value obtained,  the cyclic loading parameters were determined. A set of 5 

specimen were prepared with 0.005” thick aluminum single ligaments attached at the prescribed 

locations on each of them. The five specimen were subjected to cyclic loading using a tensile 

testing machine. These were subjected to 5 different loads, i.e., 5000 N, 4500 N, 4000 N, 3500 N 

and 3000 N respectively. The stress ratio and the frequency of the cyclic loading in each case 

was (-)0.5 and 1 Hz respectively. The potential drop method was employed for testing the single 

ligaments which provided the corresponding crack length data as the crack propagates with 

increasing number of cycles. The specimen has also been observed with a high magnification 

tele-microscope for the crack initiation in the backing specimen and the breaking of the ligament. 

Figure 16 shows the Load vs. number of cycles  plot with load on the specimen on the vertical 

axis and number of cycles on horizontal axis.  

 

Figure 16: Results from the single ligament testing 
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Figure 17: The pictures of broken single ligaments due to cyclic loading 

For each specimen ( i.e., for each load applied), number of cycles of the cyclic loading have been 

plotted for the crack initiation in the specimen at the notch tip, ligament breaking and the 

complete specimen failure. It is evident from the plot that for higher loads, there is not much 

fatigue life between the crack initiation and complete failure. The ligament breaks at cycles 

closer to specimen failure. On the other hand, as the applied loads decreased, the number of 

cycles at which the ligament breaks is closer to the crack initiation and the time between the 

ligament breaking and the specimen failure increases. This indicates that there is still enough 

time for repairing or replacing the component well ahead of the complete failure. 

Summary 

This paper presented the concept of a standalone fatigue gauge, that can provide a direct 

indication of  the fatigue life of a given structural component.  Analytical basis for the design of 

such a sensor is established using simple geometrical and mechanical considerations.  Design 

simulations were carried out using commercially available finite element software.  These 

numerical simulations helped us in arriving at an optimal design, in terms of  achieving uniform 

strain distribution on different ligaments of the designed sensor.  Further,  this study identified 

three important parameters viz., end-geometry effects, symmetry of the sensor ligament 

configuration and the fillet radius of the active ligaments.  The strain distribution in the active 
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ligaments with respect to these parameters is studied in detail.   The effect of having an extra 

reference ligament on either ends of the gauge along with the existing ones resulted  inuniform 

strain distribution in the inner reference ligaments. As a result, the final layout of the fatigue 

sensor has a symmetry about the smallest ligament in the design. A  single ligament sensor was 

fabricated using micro-Wire Electro-discharge machining method and subjected to cyclic loading 

to evaluate the accuracy of simulation results.These studies showed that the component (backing 

specimen) failure  follows the breaking of the single ligament that is placed away from the notch 

tip. Enough time lag between the ligament breaking and the complete failure of the backing 

specimen always ensures pre-warning of an impending catastrophic failure that can be prevented 

without any major consequences. 
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